Introduction {#s0001}
============

RNAi is a cellular mechanism that uses micro RNA (miRNA) molecules to regulate gene expression at the post-transcriptional level.[@cit0001] Man-made shRNAs can be used to induce post-transcriptional gene silencing. Similar to miRNAs, shRNAs are transcribed in the nucleus, transported to the cytoplasm by Exportin-5 and processed by Dicer into the active siRNA duplex. The siRNA associates with Ago2 to form the RNA-induced silencing complex (RISC) that induces degradation of complementary target mRNAs.[@cit0005] Thermodynamic properties of the RNA duplex determine which strand will be selected as guide by RISC.[@cit0008] The passenger strand of the duplex is degraded.

Alternatively, RISC can also accommodate certain pre-miRNAs in the absence of Dicer. More specifically, miR-451 with a short 18 base pair (bp) stem and 4 nt loop (AGUU) is instead processed by Ago2. Ago2 cleaves the duplex on the 3′ side between bp 10 and 11, thus generating a single extended 30 nt guide strand that is further trimmed by poly(A)-specific ribonuclease (PARN) to create the ∼22--26 nt mature miR-451.[@cit0010] Recent studies indicated that short shRNAs which mimic miR-451 are also processed by Ago2 instead of Dicer.[@cit0014] We called these AgoshRNA molecules, as both the processing and silencing function are mediated by Ago2. These alternative processing routes are depicted in [Fig. 1A](#f0001){ref-type="fig"}. Regular shRNAs are processed by Dicer (left panel), but AgoshRNA (≤ 18 bp) avoid Dicer recognition and are instead processed by Ago2 (right panel). Dicer generates the duplex siRNA with candidate guide and passenger strands (left panel, marked black-3′ and white-5′, respectively). AgoshRNA molecules are loaded and cleaved by Ago2 that generates a single guide strand which - upon PARN processing - yields the Agosh^TRIM^ molecule, which is the most abundant form in Ago2 complexes.[@cit0016] These 3 AgoshRNA forms are shown in gray in the right panel of [Fig. 1A](#f0001){ref-type="fig"}. The novel AgoshRNA design has the clear advantage over regular shRNAs of not producing a passenger strand that may cause off-target effects. The use of shorter AgoshRNA hairpins in therapeutic applications seems beneficial because innate immunity sensors like interferon will be triggered less efficiently.[@cit0019] We previously listed other advantages of AgoshRNA inhibitors, including the ability to remain active in Dicer-minus cells such as monocytes.[@cit0020] Figure 1.Design of anti-HIV AgoshRNA mutants varying in loop size and nucleotide composition. (A) In the canonical pathway (left) the shRNA stem is cleaved by Dicer into a siRNA duplex of ∼21 bp with 3′ UU overhang that is loaded into RISC. The 5′ passenger (white arrow) is cleaved and degraded and the 3′ guide strand (black arrow) acts in RNAi-silencing. In the non-canonical pathway (right), the AgoshRNA is cleaved by Ago2 on the 3′ side between bp 10 and 11 into an extended guide of ∼30 nt (gray arrow). AgoshRNA is trimmed by PARN to create a ∼24 nt guide named Agosh^TRIM^ and subsequently may instruct Ago2 for RNAi-silencing. The predicted Dicer and Ago2 cleavage sites are marked with black and gray arrows, respectively. (B) Secondary structure of the Gag4 and Pol45 AgoshRNA molecules with the guide strand boxed in black. The 5′ end nt of AgoshRNA constructs and its basepairing partner were replaced by A C. The terminal loop was mutated into 12 loop variants differing in loop size (3--5 nt) and sequence. We grouped them according to loop size: 3 nt on the right, 4 nt on the left and 5 nt on top.

We converted a set of potent anti-HIV-1 shRNAs into AgoshRNAs by shifting the guide sequence from the 3′ to the 5′-side of a shortened hairpin, but this manipulation affected the gene silencing efficacy.[@cit0021] We therefore tried to optimize the AgoshRNA design. First, we tested whether a weak G-U bp at the top of the hairpin stem is advantageous for Ago2 processing. Optimization was described for several AgoshRNAs, but the effect was not general.[@cit0014] Second, we documented the importance of the 5´-terminal nt identity and its basepairing status for AgoshRNA activity. AgoshRNA activity is enhanced by introduction of a bottom mismatch and 5′-terminal A or G.[@cit0022] These small RNAs are usually synthesized by the H1 polymerase III promoter, which requires a purine at the +1 position for optimal transcriptional efficiency. We selected A over G because the MID domain of the human Ago2 protein prefers to load small RNAs with U or A as 5′-end.[@cit0023] Third, we tested whether the introduction of weak G-U/U-G bp along the AgoshRNA stem, without affecting the guide sequence, could boost the silencing activity. However, G-U introduction rather destroyed the AgoshRNA activity.[@cit0021] These combined results allowed us to propose general rules for the design of AgoshRNA molecules with significantly improved silencing activity and potent, non-cytotoxic anti-HIV-1 AgoshRNA molecules were generated (Herrera et al., ref. [@cit0049]). However, the AgoshRNA silencing activity was reduced compared with that of the matching shRNAs. Therefore, further optimization of the AgoshRNA design is warranted.

The loop sequence and structure influences the activity of regular shRNAs, in part through an effect on Dicer recognition and processing.[@cit0017] Mutation of the loop sequence can also affect or even abrogate miRNA processing.[@cit0026] We wondered whether the loop size or sequence affects the activity of AgoshRNA molecules. We previously observed that large loops (\> 7 nt) cause a partial return from Ago2 to regular Dicer processing, possibly by steric hindrance during Ago2 binding.[@cit0028] The loop sequence may also influence the subsequent silencing step because the loop is part of the extended AgoshRNA guide strand ([Fig. 1A](#f0001){ref-type="fig"}, right panel). In this study, we analyzed how AgoshRNA activity is influenced by systematic mutation of the small 3--5 nt loop to establish new design rules.

Results {#s0002}
=======

AgoshRNA design {#s0002-0001}
---------------

We tested the effect of different loop sequences, varying in size and composition, on AgoshRNA-mediated gene silencing ([Fig. 1B](#f0001){ref-type="fig"}). Two candidate anti-HIV-1 AgoshRNA molecules were selected as substrates for the current mutational analysis (AgoshGag4 and AgoshPol45). All tested AgoshRNA mutants have a duplex length of 18 bp and a bottom A C mismatch, but we varied the sequence of the single-stranded loop. The encoded anti-HIV-1 guide sequence on the 5′ side of the duplex is highlighted in black. The 12 mutants differ in loop size (3--5 nt) and are grouped accordingly in [Fig. 1B](#f0001){ref-type="fig"} (5 nt: Mut1 and 2, 4 nt: Mut3--9, 3 nt: Mut10--12). The same set of 12 loop mutants was constructed for both substrates (AgoshGag4 and AgoshPol45). RNA structure prediction algorithms indicated only minimal effects on the thermodynamic stability of the hairpins (\< 0.6 kcal/mol difference), except for significant stabilization of Mut7 (−2.7 kcal/mol) and Mut9 (−1.0 kcal/mol) for both AgoshGag4 and AgoshPol45. This survey includes a test of whether extension of the mRNA-complementarity of the guide strand over the loop can boost the AgoshRNA activity (nt highlighted in black for AgoshGag4: Mut1, 4 and 10; AgoshPol45: Mut2, 3 and 11). We also inserted the miR-451 loop (Mut5), which may have been optimized during evolution for Ago2-mediated processing and silencing activity.[@cit0029] We also included the particularly stable CUUG tetraloop (Mut9) in which the first and fourth nt form a Watson and Crick bp that makes this tetraloop resistant to degradation.[@cit0030] Other commonly used tetra and triloops were also tested (Mut6--8 and 12).[@cit0017]

Silencing activity of the AgoshRNAs loop mutants {#s0002-0002}
------------------------------------------------

To evaluate the inhibitory activity of the designed AgoshRNA molecules, we co-transfected HEK293T cells with the H1-driven AgoshRNA construct and a luciferase reporter with the sense HIV-target sequence (Luc-sense) or a control reporter encoding the antisense HIV-1 sequence (Luc-antisense) ([Fig. 2A](#f0002){ref-type="fig"}). We titrated the AgoshRNA construct (1, 5 and 25 ng). The Luc-sense reporter detects the activity of the shRNA 5′-passenger strand (white arrow) and the extended 5′-guide strand of AgoshRNAs (gray arrow). Luc-antisense will score shRNA 3′-guide strand activity (black arrow). The 3′-end leftover of processed AgoshRNA (∼10 nt) is not expected to be active. A fixed amount of renilla luciferase plasmid was included to control for the transfection efficiency. Firefly and renilla luciferase was measured in cellular lysates made 2 d post-transfection and the ratio was used to calculate the relative luciferase activity (Figs. S1 and S2). The Luc-activity measured in the presence of the unrelated shNef construct was set at 100%. A clear dose-dependent knockdown activity was measured for all AgoshRNA mutants on the Luc-sense reporter and no activity was apparent on the Luc-antisense reporter. [Fig. 2B](#f0002){ref-type="fig"} and [C](#f0002){ref-type="fig"} show the results obtained with a sub-optimal AgoshRNA concentration (5 ng), thus within the linear range of the assay. We will first describe the results obtained for the AgoshGag4 set and subsequently the AgoshPol45 mutants. Figure 2.Luciferase knockdown activity of the AgoshRNA loop mutants. (A) Luciferase reporter constructs with a sense (left panel) or antisense (right panel) HIV-derived sequence are shown. The Luc-sense reporter scores canonical shRNA guide activity (white arrow) and AgoshRNA activity (gray extended arrow). The Luc-antisense reporter scores shRNA passenger activity (black arrow). Luciferase knockdown was determined by co-transfection of the reporters with (B) the AgoshGag4 or (C) the AgoshPol45 constructs. HEK293T cells were co-transfected with 100 ng of the respective firefly luciferase reporter plasmid, 1 ng of renilla luciferase plasmid, and 5 ng of the AgoshRNA constructs. An irrelevant shRNA (shNef) served as negative control, for which the activity was set at 100% luciferase expression. The mean values and standard deviation are based on 6 independent transfections.

AgoshGag4 wild-type (wt) showed good inhibitory activity on the Luc-sense reporter, with luciferase levels dropping to approximately 15% of the uninhibited value, and exercised no activity on the Luc-antisense reporter ([Fig. 2B](#f0002){ref-type="fig"}). The loop mutants exhibited variable silencing activity on the Luc-sense reporter, with luciferase levels ranging from 10% to 40% of the uninhibited value, but all mutants showed very little or no activity on the Luc-antisense reporter. On the Luc-sense reporter, we compared the knockdown activity of AgoshRNA variants with 5 (Mut1 and 2), 4 (Mut3--9) and 3 (Mut10--12) nt loops and did not find a correlation between loop size and activity. For instance, mutants with a similar loop sequence but different loop size (e.g. Mut1, 4 and 10) demonstrated similar knockdown activity. Only Mut12 with a loop of only 3 nt (AGA) showed enhanced knockdown activity when compared with the wt, but not all triloops resulted in increased activity (Mut10 and 11). Thus, the loop size in the 3--5 nt range is not a critical determinant of AgoshRNA activity, but the loop sequence may contribute, possibly through a structural effect on AgoshRNA processing or activity.

We wondered whether we could boost AgoshRNA activity by making the loop more stable as previously suggested.[@cit0018] We did not score improved, but rather profoundly reduced silencing activity with a particularly stable tetraloop (CUUG, Mut9). We also tested whether extension of the guide strand complementarity over the loop enhanced AgoshRNA activity, but measured no increased knockdown potency for Mut1, 4 and 10. We tried to optimize the AgoshRNA design by introduction of the miR-451 loop (Mut5), but wt activity was scored. Inspection of the data sets alerted us to the putative importance of the Purine (Pu)/Pyrimidine (Py) content of the loop. Strikingly, we observed that a high Py content correlated with impaired Luc-sense knockdown activity (e.g., Mut2, 3, 9 and 11), whereas a high Pu content correlated with good wt like-activity (Mut4, 7, 10 and 12).

General AgoshRNA loop improvements {#s0002-0003}
----------------------------------

It is important to determine whether the observed loop trends are of general value. To test if the findings also apply to other AgoshRNAs, we introduced the complete mutant loop set in the unrelated AgoshPol45 molecule, which exhibited sub-optimal anti-HIV-1 activity. The loop mutants exhibited variable, but modest silencing activities on the Luc-sense reporter, with luciferase levels ranging from 50% to only 90% of the uninhibited value, but the AgoshRNAs showed very little or no activity on the Luc-antisense reporter ([Fig. 2C](#f0002){ref-type="fig"}). Overall, the AgoshPol45 trends were similar to that observed for AgoshGag4, as illustrated in [Fig. 3A](#f0003){ref-type="fig"}. Most strikingly, the efficacy of AgoshPol45 improved when the wt loop was replaced by the triloop AGA (Mut12). Again, loops with a high Py content (Mut2, 3, 9 and 11) showed decreased silencing efficacy. Only Mut4 behaved differently in AgoshPol45 versus AgoshGag4 and resulted in a dramatic loss of AgoshPol45 activity only. Possibly, this could be the result of extended guide complementarity in AgoshGag4 ([Fig. 1B](#f0001){ref-type="fig"}). These combined results indicate that the activity of good and moderately active AgoshRNAs can be improved by varying the loop composition, but not dramatically. Figure 3.Influence of the loop sequence on AgoshRNA-mediated silencing. (A) Luciferase knockdown by wild-type (wt) and mutant versions of AgoshGag4 (black dots) and AgoshPol45 (white dots). Mutants were grouped according to the loop size in three panels. (B) Luciferase knockdown upon titration of the AgoshRNA constructs (2-fold serial dilutions, 0.8--25 ng). An irrelevant shRNA (shNef) served as negative control, for which the activity was set at 100% luciferase expression. The mean values and standard deviation are based on 6 independent transfections.

To confirm the improved activity of the AGA triloop (Mut12), we next performed a titration by 2-fold serial dilutions in the 0.8 - 25 ng range. Firefly and renilla luciferase activity was measured in cellular lysates obtained at 2 d post-transfection and the ratio was used to calculate the relative luciferase activity ([Fig. 3B](#f0003){ref-type="fig"}). The activity measured in the presence of the unrelated shNef construct was set at 100%. A clear dose-dependent knockdown activity was measured, and Mut12 consistently outperformed wt for both AgoshRNA molecules. The effect was more pronounced for the moderately active AgoshPol45, especially at low AgoshRNA concentrations.

Antiviral activity of the AgoshRNA loop mutants {#s0002-0004}
-----------------------------------------------

The complete sets of AgoshGag4 and AgoshPol45 mutants were tested for their ability to inhibit HIV-1 production. A sub-optimal amount of each AgoshRNA expression construct (5 ng) was co-transfected with the HIV-1 molecular clone pLAI (250 ng) in HEK293T cells. A fixed amount of renilla luciferase plasmid was included to control for variation in transfection efficiency. Two days post-transfection, HIV-1 production was analyzed by measuring the viral capsid protein (CA-p24) level in the culture supernatant, which was corrected for the renilla luciferase activity ([Fig. 4](#f0004){ref-type="fig"}). Virus production in the presence of 5 ng control plasmid pBluescript (pBS) was set at 100%. Inhibition of HIV-1 production revealed similar results as the luciferase assays ([Fig. 4](#f0004){ref-type="fig"} left and right panels, compare with [Fig. 2B](#f0002){ref-type="fig"} and [C](#f0002){ref-type="fig"}, respectively). For instance, antiviral activity of the wt AgoshGag4 and AgoshPol45 improved significantly when the loop was replaced by the triloop AGA (Mut12). Furthermore, AgoshRNA loops with a high Py content (Mut2, 3, 9 and 11) showed decreased silencing efficacy. Figure 4.Inhibition of HIV-1 production by AgoshRNA loop mutants. HEK293T cells were co-transfected with 250 ng of the HIV-1 pLAI, 1 ng of renilla luciferase plasmid (pRL) and 25 ng of the AgoshRNA constructs. Two days post-transfection, inhibition of HIV-1 production was determined by measuring CA-p24 levels in the culture supernatant. CA-p24 values were normalized to the renilla luciferase activities. The ratio between the CA-p24 level and the renilla luciferase activity in the presence of 5 ng pBS control was set at 100%. Bars represent the average values from 8 independent transfections and error bars shows the standard deviation.

Processing of the AgoshRNA mutants {#s0002-0005}
----------------------------------

The range of silencing activities observed for different AgoshRNA loop mutants might reflect altered RNAi activity, but could also be due to differences in RNA processing by Ago2 or differences in intracellular stability. To investigate why specific loops make the AgoshRNA more or less effective in gene silencing, northern blot analysis was performed for all AgoshRNA variants ([Fig. 5](#f0005){ref-type="fig"}). The unrelated shNef was used as negative control. Processing of the 5′-guide and 3′-passenger strands of the AgoshRNAs was analyzed with a "guide" probe (top panels) and a "passenger" probe (bottom panels). We will first describe the results observed for the AgoshGag4 set ([Fig. 5A](#f0005){ref-type="fig"}). The "guide" probe detected 2 bands of ∼30 and ∼24 nt (top panel), which likely represent the extended guide strand and its 3′-trimmed product AgoshRNA^TRIM^. This was confirmed by deep sequencing analysis of the transcripts, which also indicated that the loop mutations do not affect the end point of 3′-trimming (results not shown). As expected, we observed minor shifts in gel migration of the AgoshRNA signals due to differences in loop size (Mut1--2 \> Mut3--9 \> Mut11--13). In fact, only the larger ∼30 nt RNA signal is weakly detected with the "passenger" probe (lower panel). Limited complementarity of the "passenger" probe to the processed RNA products may explain the reduced intensity of this signal and the absence of the trimmed product. As described previously, the 10 nt 3′-terminal product of processed AgoshRNAs is not detected with the "passenger" probe, possibly because it is rapidly degraded.[@cit0017] Importantly, no Dicer-processed products of ∼21 nt were detected for the wt and mutant AgoshGag4 molecules, consistent with exclusive Ago2-mediated processing. Figure 5.Northern blot analysis of the AgoshRNA processing. Processing of the AgoshGag4 (A) and AgoshPol45 (B) loop mutants was analyzed by Northern blot analysis with the "guide" probe (upper panels) and the "passenger" probe (lower panels). Ethidium bromide staining of small rRNA and tRNA are shown below the blot as loading controls.

We observed differences in guide RNA abundance on the RNA gel blot that do not seem to correlate with the measured knockdown activity. For instance, Mut1 is more abundant than wt, thus possibly more stable, but nevertheless less active. Among the tetraloop mutants, Mut5 with the miR-451 loop is most abundant, but certainly not the most active. Mut10--12 also exhibit differences in RNA abundance that do not correlate with the measured knockdown activity. For instance, Mut10 is more abundant, but less active than Mut12.

Bands of ∼24 and ∼30 nt in length were also observed for the AgoshPol45 set ([Fig. 5B](#f0005){ref-type="fig"}, top panel), which represent the extended guide strand and the 3′-trimmed product. Again the 10 nt 3′-terminal product of processed AgoshRNAs is not detected with the "passenger" probe (lower panel). Regular Dicer products of ∼21 nt were not detected for the wt and mutant AgoshPol45 molecules. In general, the abundance patterns were similar but not identical to that observed for the AgoshGag4 mutant set. Thus again, AgoshPol45 abundance was not always consistent with the measured knockdown activity. Mut4 may form an exception as this mutant is less active, consistent with the greatly reduced abundance of the RNA signal. Strikingly, Mut5 with the miR-451 loop again produced the most abundant RNA signals, which might reflect enhanced RNA stability. However, increased RNA abundance did not result in enhanced knockdown activity. Products of ∼21 nt that would be expected for alternative Dicer-processing were not detected, demonstrating the effective shRNA into AgoshRNA conversion. To summarize, variable activity was scored for the AgoshRNA variants, but this did not frequently correlate with the amount of processed RNA present in cells. This would mean that the AgoshRNA variants differ significantly in their intrinsic silencing activity.

Application of the optimized AgoshRNA triloop {#s0002-0006}
---------------------------------------------

To extend the current observations to other AgoshRNAs, we introduced the optimized AGA loop on 5 anti-HIV-1 AgoshRNAs (Gag5, Gag6, Pol1, Pol8 and R/T5). Silencing of luciferase reporters carrying the respective targets (100 ng) was measured upon co-transfection in HEK293T with the loop-substituted AgoshRNA constructs at a sub-optimal concentration (5 ng) to allow increased activity to be measured ([Fig. 6](#f0006){ref-type="fig"}). We plotted 5 separate panels as each AgoshRNA required its own luciferase reporter. The relative luciferase expression was determined by the ratio of firefly and renilla activities. Luciferase expression measured with an irrelevant shRNA (shNef) was set at 100%. The efficacy of AgoshGag4 and AgoshPol45 was 2-fold higher when the wt loop was replaced by AGA (Mut12), as described previously in [Fig. 2](#f0002){ref-type="fig"}. However, the efficacy of AgoshGag5 was only slightly increased by the AGA loop, and a wt-like knockdown activity was measured for AgoshPol1 and AgoshRT5. Even more so, insertion of the AGA loop in AgoshGag6 resulted in a 2-fold decreased activity. Thus, the triloop AGA does not improve the silencing activity of all AgoshRNA molecules. These combined results indicate that the sequence identity of the loop is an important, but context-dependent determinant of AgoshRNA activity and that there may be other, yet undisclosed molecular determinants of AgoshRNA activity. Figure 6.Effect of the novel AGA loop on other AgoshRNAs. Luciferase knockdown by AgoshRNA loop mutants was determined by co-transfection of the luciferase sense reporter for Gag5, Pol1, Pol8, Pol45 or R/T5 with 5 ng of the AgoshRNA constructs. Five separate panels are shown according to the luciferase reporter used. An irrelevant shRNA (shNef) served as negative control, for which the activity was set at 100% luciferase expression. The mean values and standard deviation are based on 6 independent transfections.

Discussion {#s0003}
==========

We previously defined some parameters for the design of optimized AgoshRNA molecules: a small 5 nt loop (CAAGA) and a duplex length of 18 bp with a bottom A C mismatch, but there may be other important molecular determinants of activity. Several studies described that the loop sequence of miRNAs and shRNAs can affect the silencing activity.[@cit0025] We now tested several loop configurations for the AgoshRNA design. We tested whether the loop identity influences AgoshRNA processing, the intracellular stability and - most importantly - silencing activity. Hairpin loops that differ in size and sequence were studied. Only small loops (3--5 nt) were used because large loops (\> 7 nt) cause a partial return to regular Dicer processing.[@cit0028] Twelve mutant loops were incorporated in 2 anti-HIV-1 AgoshRNA molecules. We document that the loop size among these small loops (3--5 nt) does not influence the RNAi activity. However, the AgoshRNA loop sequence affects its activity. Surprisingly, close inspection of the experimental data and a reanalysis for each loop size suggested that the Pu/Py composition is of importance, as illustrated in [Fig. 7](#f0007){ref-type="fig"}. We observed impaired silencing activity for AgoshRNA variants with a high Py content in the loop. Figure 7.Influence of the loop pyrimidine content on AgoshRNA-mediated silencing. Luciferase knockdown values by AgoshGag4 (black dots) and AgoshPol45 (white dots) variants were arranged according to the number of pyrimidine residues in the loop. The data set was grouped according to the loop size.

As we described previously steric hindrance for large (\> 7 nt) AgoshRNA loops with the PAZ domain of Ago2, one could hypothesize that "small" Py nt should be preferred over "big" Pu nt.[@cit0028] However, we measured a strong preference for Pu-rich loops across different mutant sets. What could be the underlying reason for this Pu-preference? We did not observe a particular Pu-preference in natural miRNAs (results not shown). Inspection of the thermodynamic stability of the mutant set of hairpins did not reveal a correlation with the differential activity. Recently, it was suggested that Pu may facilitate RNA loading into Ago through sequence-independent interactions.[@cit0035] The PAZ domain of Ago proteins contains a large number of invariant aromatic residues that are involved in RNA binding and it was suggested that stacking or hydrophobic interactions of these residues with the Pu-rich miRNA strand may contribute to strand selection.[@cit0036] Thus, it is conceivable that a Pu-loop may contribute to a stable interaction between the PAZ domain and the extended guide strand of AgoshRNA molecules, which will likely contribute to efficient mRNA degradation. Alternatively, one could hypothesize that the Pu-rich loop acts as binding site for a cellular co-factor that affects subsequent mRNA cleavage. Recently, the proteomic characterization of endogenous Ago2-associated RISC in red blood cells revealed several cofactor candidates, but their role remains currently unknown.[@cit0039]

Other AgoshRNA questions were addressed. First, we extended the mRNA-complementarity of the AgoshRNA guide "over the loop," but measured no increased knockdown potency. Second, we tried to optimize the AgoshRNA design by introduction of the miR-451 loop. This loop may facilitate Ago2-mediate processing or silencing as its sequence is evolutionary conserved, but no improved activity was scored for this mutant. Third, we introduced a loop resistant to RNA degradation (CUUG), but did not improve AgoshRNA efficacy. Only the AGA triloop seems to consistently enhance gene knockdown in reporter assays and HIV-1 inhibition assays, both for AgoshGag4 and AgoshPol45. The effect was more pronounced for the moderately active AgoshPol45, especially at low AgoshRNA concentrations. We tested the optimized AGA loop on several anti-HIV-1 AgoshRNAs, but the triloop did not improve the silencing activity of all molecules. Thus, the sequence identity of the loop is an important, but context-dependent determinant of AgoshRNA activity.

It is important to realize that existing siRNA design algorithms cannot be applied to the design of AgoshRNA molecules, which thus remains a difficult trial-and-error process.[@cit0009]This report, in combination with previous studies, indicates that an active AgoshRNA should have a short stem-length (≤ 18 bp), a small Pu-rich loop of 3--5 nt, and a bottom A C mismatch. Using these design rules, we plan to develop potent and non-toxic AgoshRNAs against HIV-1.

Material and methods {#s0004}
====================

Plasmid construction {#s0004-0001}
--------------------

For the AgoshRNA constructs, DNA oligonucleotides encoding the AgoshRNA sequence with BamHI and HindIII sites were annealed and inserted into corresponding restriction sites of the pSUPER vector.[@cit0043] All AgoshRNA constructs were sequence-verified using the BigDye Terminator Cycle Sequencing kit (ABI). For sequencing of AgoshRNA constructs a sample denaturation temperature of 98°C was used and 1M β-actin was included in the reaction mixture. Firefly luciferase reporter constructs (pGL3; Promega) were made by insertion of a 50 to 70 nt HIV-1 sequence, with the 18 nt target region in the center, in the EcoRI and PstI sites of the pGL3 plasmid.[@cit0044] The luciferase reporter target sequences were described previously.[@cit0045]

Cell culture {#s0004-0002}
------------

Human embryonic kidney 293T (HEK293T) adherent cells (ATCC CRL-11268) were grown as monolayer in Dulbecco\'s modified Eagle\'s medium (Life Technologies) supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), streptomycin (100 μg/ml) and minimal essential medium non-essential amino acids (DMEM/10% FCS) in a humidified chamber at 37°C and 5% CO~2~.

DNA transfections {#s0004-0003}
-----------------

For luciferase assays, HEK293T cells were seeded one day before transfection in 24-wells plates at a density of 1.2 × 10^5^ cells per well in 500 µl DMEM/10% FCS without antibiotics. The cells were co-transfected with 100 ng firefly luciferase reporter construct and the AgoshRNA construct with Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer\'s instructions. To normalize for cell viability and transfection efficiency, 1 ng of pRL plasmid (Promega) expressing renilla luciferase from the CMV promoter was included. We added pBluescript SK- (pBS) (Promega) to obtain equal DNA concentrations. Two days post-transfection, firefly and renilla luciferase expression was measured in cell lysates using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer\'s instructions. Relative luciferase activities were calculated from the ratio between firefly and renilla luciferase expression. We performed 3 independent transfections, each in duplicate. Values were corrected for between-session variation as described previously.[@cit0046] The resulting 6 values were used to calculate the standard deviation shown as error bar.

For transient HIV-1 inhibition assays, HEK293T cells were seeded as described previously and co-transfected using Lipofectamine 2000 with 250 ng of the full-length HIV-1 molcular clone pLAI,[@cit0047] 1 ng of pRL-CMV and 25 ng of AgoshRNA construct. We added pBS to create an equal DNA concentration per transfection. Two days post-transfection, virus production was determined by measuring the CA-p24 levels in the culture supernatant by ELISA.[@cit0048] Cell lysates were made to measure the renilla luciferase activity with the Renilla Luciferase Assay System (Promega) according to the manufacturer\'s instructions. Relative HIV-1 production was calculated as the ratio between the CA-p24 level and the renilla luciferase activity. We performed 3 independent transfections, each in duplicate. Values were corrected for between-session variation as described previously.[@cit0046]

AgoshRNA detection by RNA gel blot analysis {#s0004-0004}
-------------------------------------------

Northern blotting was performed as described previously.[@cit0014] Briefly, 1.5 × 10^6^ HEK293T cells were transfected with 5 μg of wt or mutant AgoshRNA construct using Lipofectamine 2000. Total cellular RNA was extracted 2 d post-transfection with the mirVana miRNA isolation kit (Life Technologies) according to the manufacturer\'s instructions. The RNA concentration was measured by Nanodrop 1000 (Thermo Fisher Scientific). For RNA gel blot analysis, 15 μg total RNA was electrophoresed in a 15% denaturing polyacrylamide gel (precast Novex TBU gel, Life Technologies). The Decade RNA molecular weight marker (Life Technologies) was prepared according to the manufacturer\'s protocol and run alongside the cellular RNA. rRNA was stained with 2 µg/ml ethidium bromide and visualised under UV light to ensure equal sample loading. The RNA in the gel was electro-transferred to a positively charged nylon membrane (Boehringer Mannheim GmbH) and crosslinked to the membrane using UV light at a wavelength of 254 nm (1200 µJ x 100). Overnight hybridization was performed at 42°C with radiolabeled locked nucleic acid (LNA) oligonucleotides in 10 ml ULTRAhyb hybridization buffer (Life Technologies, Austin, TX) according to the manufacturer\'s instructions. LNA oligonucleotide probes were 5′-end labeled with the kinaseMax kit (Life Technologies) in the presence of 1 µl \[γ-^32^P\] ATP (0.37 MBq/µl, Perkin Elmer). To remove unincorporated nt, the probes were purified on Sephadex G-25 spin columns (Amersham Biosciences) according to the manufacturer\'s protocol.

We used the following oligonucleotides to detect the (5′) guide strand of the AgoshRNA (LNA-positions are underlined): Gag: 5′- G[A]{.ul}AG[A]{.ul}AA[T]{.ul}GA[T]{.ul}GA[C]{.ul}AG[C]{.ul}AT-3′, and Pol: 5′-G[T]{.ul}GA[A]{.ul}GG[G]{.ul}GC[A]{.ul}GT[A]{.ul}GT[A]{.ul}AT-3′. To detect the (3′) passenger strand of the AgoshRNA the following oligonucleotides were used (LNA positions are underlined): Gag: 5′-A[T]{.ul}GC[T]{.ul}GT[C]{.ul}AT[C]{.ul}AT[T]{.ul}TC[T]{.ul}TC-3′ and Pol: 5′-A[T]{.ul}TA[C]{.ul}TA[C]{.ul}TG[C]{.ul}CC[C]{.ul}TT[C]{.ul}AC-\'3. After overnight hybridization, the membranes were washed twice for 5 min at 42°C in 2 x SSC/0.1% SDS and twice for 15 min at 42°C in 0.1 x SSC/0.1% SDS. Signals were detected by autoradiography using a phosphorimager(Amersham Biosciences).

Small RNA library preparation and SOLiD deep sequencing {#s0004-0005}
-------------------------------------------------------

HEK293T cells were co-transfected with 5 µg Ago2-FLAG plasmid and AgoshRNA-expressing plasmids. Two days post-transfection, cytoplasmic cell extracts were prepared by the treatment of cells on ice for 20 min with IsoB-NP-40 \[10 mM Tris-HCl (pH 7.9), 150 mM NaCl, 1.5 mM MgCl~2~, 1% NP-40\] followed by a centrifugation at 12000 g for 10 min at 4°C. The supernatant was incubated with 75 µl of anti-FLAG M2 agarose beads (Sigma) with constant rotation overnight at 4°C. The beads were washed 3 times in NET-1 buffer \[50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2.5% Tween 20\]. Small RNAs associated with Ago2 were isolated by phenol chloroform extraction followed by DNAse treatment using the TURBO DNA-free kit (Life Technologies). 5 μg RNA was loaded on a denaturing 15% PAGE gel for size fractionation. The 15--55 nt RNA fragments were isolated using a Spin Column (Ambion). The quality of the RNA was assayed on a Bioanalyzer 2100 (Agilent) using a small RNA chip and served as template to create an RNA library that is compatible with the SOLiD sequencing platform. We used the SOLiD Small RNA Library Preparation protocol according to manufacturer\'s instructions (Applied biosystems; 4452437 Rev. B; page 51 -- 66). Samples were run on a SOLiD Wildfire system (Applied biosystems).

Bioinformatics {#s0004-0006}
--------------

Analysis of the SOLiD colorspace reads was performed with LifeScope Genomic Analysis Software version 2.5 (Applied biosystems) using the small RNA pipeline. First the libraries were mapped against filter-sequences to eliminate reads generated from irrelevant sources (like tRNA, adaptors sequences etc). The remaining reads are subsequently filtered against known miRNA sequences from miRBase (<http://www.mirbase.org/>) and the unmapped reads are aligned to reference sequences of AgoshRNA expressing plasmids, allowing no mismatches during alignment.
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[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](https://doi.org/10.1080/15476286.2017.1328349).
